A newly-developed soft elastomeric capacitor (SEC) strain sensor has shown promise in fatigue crack monitoring. The SECs exhibit high levels of ductility and hence do not break under excessive strain when the substrate cracks due to slippage or de-bonding between the sensor and epoxy. The actual strain experienced by a SEC depends on the amount of slippage, which is difficult to simulate numerically, making it challenging to accurately predict the response of a SEC near a crack. In this paper, a two-step approach is proposed to simulate the capacitance response of a SEC. First, a finite element (FE) model of a steel compact tension specimen was analyzed under cyclic loading while the cracking process was simulated based on an element removal technique. Second, a rectangular boundary was defined near the crack region. The SEC outside the boundary was assumed to have perfect bond with the specimen, while that inside the boundary was assumed to deform freely due to slippage. A second FE model was then established to simulate the response of the SEC within the boundary subject to displacements at the boundary from the first FE model. The total simulated capacitance was computed from the model results by combining the computed capacitance inside and outside the boundary. The performance of the simulation incorporating slippage was evaluated by comparing the model results with the experimental data from the test performed on a compact tension specimen. The FE model considering slippage showed results that matched the experimental findings more closely than the FE model that did not consider slippage.
INTRODUCTION
Fatigue cracks occurring in steel bridges are of significant concern for structural engineers and bridge owners. Field studies have indicated that fatigue cracks can cause localized failures in structural components and further weaken structural integrity [1] . For most fatigue cracks in steel bridges, the final fracture phase occurs over a relatively short number of cycles, while the majority of the total fatigue life consists of initiation and the subcritical crack propagation phase [2] . This characteristic of fatigue crack propagation, i.e., slow-growth in the subcritical crack propagation phase and rapid-development in the unstable fracture phase, means that detecting cracking during the subcritical phase is of utmost importance so that remedial action can be taken.
Over the past few decades, many techniques have been developed for fatigue crack monitoring [3] . Piezoelectric sensors are a well-established crack detecting technique, and have been implemented in various engineering applications. Grondel [4] applied piezoelectric transducers in riveted aluminum joints and demonstrated the ability to detect fatigue crack activities in that application. Ihn [5, 6] detected the crack growth in an aircraft structure using a diagnostic signal generated by built-in piezoelectric actuators. However, piezoelectric transducers require an additional source to generate the signal, which may increase the complexity of the system design. Acoustic emission sensors have also been tested in the field to detect crack activities in steel bridges [7] . Strain-based sensing approaches represent another structural health monitoring technique which can be used to detect cracks in structures. Fiber optic strain sensors are one of these techniques and have been well investigated to monitor localized deformations of structural components in civil infrastructure. Mohamad [8] used a distributed fiber optic strain-sensing method and successfully estimated axial and lateral movements of a secant-piled wall. Yasue [9] and Tapanes [10] developed the fiber optic sensor to monitor cracks in concrete pipes. Nevertheless, fiber optic sensors are not commonly applied in monitoring fatigue cracks of steel bridges, partly because of the difficulty of embedding them in steel structures [11] . Furthermore, while fiber optic strain sensors can identify the location of cracks, they are prone to damage and may fail to monitor crack propagation continuously due to the brittle nature of the sensing material. Inspired by large area electronics, Yao and Glisic [12] applied a thin-film sensing sheet with an array of strain sensors to detect fatigue cracks in steel components. Test results showed the sensing sheet could successfully capture crack growth. However, the sensing sheet's measurement may become sensitive to crack positions and orientations [13] .
Recently a large-size, flexible capacitive strain sensor has shown potential in crack monitoring. Compared with traditional foil strain gauges, this newly-developed soft elastomeric capacitor (SEC) sensor is soft and extremely ductile, leading to a maximum 20% measurement range of strain [14] . With a varying sensing area, the SEC sensor is able to detect crack propagation over a large surface area. A number of studies [15] [16] [17] indicated that the SEC sensor could accurately measure strain variation of the detected surface by measuring the capacitance change. To investigate the SEC sensor's performance on fatigue crack monitoring, several fatigue tests haven been conducted with compact tension C(T) specimens [18, 19] . Test results have shown that the SEC sensor successfully detected crack growth induced by fatigue loading under a constant load range. To better understand the behavior of the SEC sensor in the presence of fatigue cracks, the authors applied a Finite Element (FE) method to simulate the SEC sensor's response to a fatigue crack [20] . An algorithm was also created such that numerical results of the FE model could be directly converted to the SEC's capacitance response assuming perfect bond between the SEC sensor and specimen. A comparison between simulation and test results showed that the FE model overestimated the sensor's response, especially when crack size was large. This might be due to slippage or de-bonding between the sensing skin and epoxy. Such behaviors may become significant when crack sizes are large, making it difficult to simulate the response of the SEC under fatigue cracks numerically.
In this paper, a revised method is proposed to simulate slippage and de-bonding behavior of the sensing skin in a FE model. To evaluate the effectiveness of this method, a fatigue test was performed with a C(T) specimen, in which the crack growth was measured continuously using a crack opening displacement (COD) gage. Section 2 briefly introduces the sensing principles of the SEC sensor. The issue of slippage and de-bonding between the sensor and specimen under crack growth is also discussed. A new fatigue test performed with the SEC sensor was used to calibrate the FE model, and this is introduced in Section 3. The new modeling approach which simulates slippage and de-bonding behaviors of the SEC sensor is presented in Section 4. The performance of this approach was evaluated through the comparison between the calibrated simulation and test results.
SOFT ELASTOMERIC CAPACITOR SENSOR

Sensing principle
A schematic of the SEC sensor is shown in Fig. 1 . The sensor is fabricated with a soft polymer material with stretchable electrodes to create a highly flexible and stretchable capacitor with three layers. The middle dielectric layer is fabricated with poly-styrene-co-ethylene-co-butylene-co-styrene (SEBS) doped with titanium dioxide, while the top and bottom layers are stretchable electrodes composed of SEBS mixed with carbon black. To measure the capacitance of the sensor, two conductive copper tabs are attached on both top and bottom layers. Detailed descriptions and fabrication process of the SEC sensor can be found in [14] and [15] . Fig. 2 shows a picture of the SEC sensor.
The SEC sensor measures strain of the detected structure by converting the sensor's geometric change (area and thickness) under strain into capacitance change. Eq. 1 shows such a relationship, in which C is the capacitance of the SEC sensor, e 0 is the permittivity of the vacuum, e r is the dimensionless relative permittivity, A is the sensing area, and h is the thickness of the sensor. 
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